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Reversing the Endosymbiosis of Mitochondria: Development of a
Transcriptionally independent Mitochondria.

Summary of Progress Report

During the first year of DARPA funding we have accomplished major progress towards
achieving the four goals described in our original proposal. In particular, we have demonstrated
that it is possible to deliver DNA to mammalian mitochondria within living cells, this being the
major obstacle towards the transformation of these organelles. As shown below, we are also well
in our way to achieve all other three goals. We are particularly excited about the progress
towards accomplishing our most challenging goal, i.e. building a transcriptionally independent
mitochondria. Following is a summary of all these achievements that serves as an introduction to
our progress report.

First Goal: Delivery of Exogenous DNA to the Mitochondrion

We show below that we can target DNA oligonucleotides to mitochondria of mouse cells by
means of two methods, namely protofection (Khan, and Bennett, 2004) and DQAsome-mediated
delivery of DNA (Weissig, et al, 2006) (see Figures 9A and 9B). In order to do this we had to
first design and synthesize protofection protein vehicles (see section entitled
“PROTOFECTION” below) as well as familiarize ourselves with DQAsome vesicles by visiting
the Weissig lab at Northeastern University, Boston, MA. (see section entitled “DELIVERY OF
DNA TO MITOCHODRIA BY TRANSFECTION REAGENTS AND VESICLES” below). We
are currently attempting to understand whether the DNA oligonucleotides actually enter the
mitochondrial matrix.

Clearly, the next step is to be able to deliver and express a bigger piece of DNA. In preparation
for this, we have synthesized a number of mitochondrially encoded reporter genes (see section
entitled “MT-REPORTERS”). We are in the process of targeting these constructs to the
mitochondria of mouse cells.

Although we did not initially proposed yeast as one of our model organisms for mitochondrial
research, we have decided to pursue research with this organism for the following reasons:

-DNA can be delivered to yeast mitochondria by biolistic transformation.
-Homologous recombination is active in yeast mitochondria.

-Numerous mitochondrial mutants exist hat can be used in further manipulations.
-Large number of genetic and molecular tools are available to this system.

-Easy generation of nuclear knockouts.

Although initially our lab was not familiarized with the manipulation of yeast, yeast
mitochondrial genetics, and biolistic transformation of yeast mitochondria, we have spent part of
the year learning all these techniques (see section entitled “MT-TRANSFORMATION:
FAMILIARIZATION AND OPTIMIZATION” below). This experience has greatly expandedthe
scope of the lab in mitochondrial research.



Second and Third Goals: “Testing the Plasticity of the Mitochondrial Genome” and
“Testing the Transcriptional Activity of the New Promoters”.

The task of inserting exogenous genes in the highly compact, circular mammalian mitochondrial
genome, requires finding appropriate spots where gene insertion does not interfere with normal
mitochondrial function (see section entitled “TESTING THE PLASTICITY OF THE
MAMMALIAN MT-GENOME?” below). We have built a number of constructs in which we
have inserted the elements necessary for the expression of reporter genes in the mitochondrial
matrix “landing pad” (see Figure 5 below). The performance of these constructs in the
mitochondrial matrix and the expression of the reporter genes will be tested once a method of
mitochondrial transformation is reproducibly established.

Fourth Goal: Making a Transcriptionally Independent Mitochondrion

Mammalian front: Once we have verified that synthetic mitochondrial genomes carrying a
“landing pad” and that exogenous genes can be expressed from this region, we will proceed to
insert a synthetic gene encoding the mitochondrial RNA polymerase, as described in “TESTING
THE PLASTICITY OF THE MAMMALIAN MT-GENOME” below.

Yeast Front: Together with GenScript Inc., we have designed and built constructs carrying the
gene for the yeast mitochondrial RNA polymerase, RPO41, that is compliant with the
mitochondrial genetic code (see section entitled “Design and construction of a transcriptionally
independent yeast mitochondrion” below). Given the high bias towards AT rich sequences in the
yeast mitochondrial genome, it took more than 4 months for the synthetic gene to be made and
delivered to us. Since then we have cloned the gene in the appropriate vectors and started the
biolistic transformation of a yeast RPO41 knockout strain that we have also made. We feel that
at this point we are very close to achieve the first step towards the goal of making a
transcriptionally independent mitochondrion. Once the insertion of RPO41 in the mitochondrial
genome is confirmed and the activity of its encoded protein demonstrated, we will proceed to
complete this goal by inserting the unique transcription factor in yeast mitochondria, MTF1.

We are extremely excited about the progress we have made and also about the new
avenues of investigation that are opening before our eyes. However, we are also aware of our
limitations, mainly regarding the insufficient number of researchers we currently have. All the
research in this report has been performed by one postdoc, three grad students (two of them
present only for part of the current year), one technician (present only for a few months), and
several undergrad students. While we believe that the progress we have made is spectacular,
specially if one considers the difficulty and the novelty of this research, we also feel that we need
to substantially increase the number of researchers involved in this project. Our goal is to hire at
least one permanent technician, two more postdocs, and two more grad students. For this reason
we are requesting the funds to maintain the current lab activity and support for the proposed
increase in our research capacity.

What follows is a detailed description of the purpose of this project and the progress
obtained within the first year of DARPA funding.
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Creating a minimal organism by Reversing
Mitochondrial Endosymbiosis

Progress report August 2007

Carlos Bustamante & Anton Vila-Sanjurjo
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SPECIFIC AIMS

The final goal of this project is to build a minimal, autonomous cell based on a
mitochondrion. The immediate goal is to create a transcriptionally independent mitochondrion.
Two parallel lines of investigation, involving mammalian and yeast mitochondria, are currently
in progress in the lab. The main reason behind this parallel experimental approach is that while
both organisms have specific advantages relevant to the work proposed here, neither one
emerges as a superior model system at this stage of the research. Moreover, learning to
manipulate the mitochondrial (mt) genome in either system is highly desirable, as S. cerevisiae is
the fundamental eukaryotic “chassis” considered in the emerging discipline of Synthetic Biology
and mouse is a model organism for human disease. The two specific aims proposed here are:

1) Creation of a transcriptionally independent mouse mitochondrion.
2) Creation of a transcriptionally independent yeast mitochondrion.

INTRODUCTION

MINIMAL ORGANISM

What is the minimum complexity required to sustain life? Answering this question
ultimately will lead to the discovery of the laws that govern the living state. A living cell is a
complex system that is capable of performing all the central process unique to life: self assembly,
energy generation, self replication, division, and most importantly, the coordination of all these
functions into a stable entity. Mycoplasma genitalium is the free-living cell with the smallest
genome known to date (only 525 genes) (Glass, et al, 2006). However, it has been estimated that
the minimum gene set required to assemble a stable living cell may contain as few as 206 genes
(Gil, et al, 2004). Other estimates, however, are more conservative, with a number of essential
genes ranging from 250 to 430 genes (Hutchison, et al, 1999; Kobayashi, et al, 2003;
Mushegian, and Koonin, 1996). Recently, Carsonella ruddii, a y-proteobacterial symbiont that
appears to be present in all species of phloem sap-feeding insects, was reported to contain only



182 open reading frames (Nakabachi, ef al, 2006). Even though this gene set constitutes the
smallest genome known for an organism, it seems insufficient for supporting autonomous
bacterial life. Therefore, the genome of C. ruddii cannot be considered a minimal genome.

CONSTRUCTION OF A MINIMAL ORGANISM BY REVERSING
MITOCHONDRIAL ENDOSYMBIOSIS

For the purpose of this analysis, we
can think of a cell as a system consisting of an
envelope and a genome. The envelope is the
scaffold that contains and includes all the
cellular functions with the exception of the
genome itself, which consists of the gene set
Envelope that encodes all the components of the

Genome envelope (Figure 1). How does one design

and build a minimal cell in the laboratory?
% The simplest approach would be to follow a

Bacterium

top-down strategy where an already simple
system, such as Mycoplasma, is simplified to
its minimum complexity. In this approach, the
complexity of a naturally occurring
genome/envelope combination is reduced by systematic deletion of unnecessary genes. This
approach has the advantage that it requires minimal synthesis and design. However, these are
also its main limitations. First, while the deletion of certain genes may not be lethal at the
individual level, multiple deletions could have unexpected effects. Second, different organisms
may have evolved alternative solutions to solve a particular biological problem. Thus, it is
possible that metabolic pathways simpler than the ones conserved in modern Mycoplasma exist
in other organisms. In agreement with this, the number of essential genes estimated from
transposon mutagenesis studies performed in M. genitalium is 430 genes (Glass, et al, 2006).
This number corresponds to 82% of the M. genitalium genome and it is far from the theoretical
estimates of 206 to 250 genes (Gil, et al, 2004; Mushegian, and Koonin, 1996) or from the core
of 279 essential genes identified by mutagenesis of Bacillus subtilis (Kobayashi, et al, 2003),
indicating that this bacterium could be a better start point than M. genitalium for a reduction in
genomic complexity. Finally, while an enormous amount of knowledge can be obtained from
this top-down approach, it will not represent a milestone towards the goal of designing wholly
synthetic organisms in the laboratory.

Figure 1

Alternatively, one could think of a bottom-up approach in which the minimal organism is
built starting from scratch, e.g. artificial cells composed of a minimal genome and a minimal
envelope made from vesicles containing precisely defined constituents. While the construction of
simple artificial envelope/genome systems has been attempted (Luisi, et al, 2006; Noireaux, et
al, 2005), building an artificial minimal envelope, that allows all essential cellular functions to
proceed in a manner that supports the growth of a synthetic organism, may prove extremely
difficult.

We propose a variation of the bottom-up approach by using a naturally occurring



envelope within which we will build a minimal genome, so that the combination of the two
behaves as a self-replicating minimal bacterium. This approach will allow us to arrive at a
rationally designed as opposed to evolutionarily derived minimal cell. To this end, we have
chosen a mitochondrial envelope as the house for our synthetic, minimal genome. Mitochondria
are the descendants of an alpha proto-bacterial ancestor that was presumably engulfed by either
an archaeal or a primitive eukaryotic host as part of an endosymbiotic event that occurred about
2 billion years ago (Gabaldon, and Huynen, 2004; Osteryoung, and Nunnari, 2003). During
evolution, a large fraction of the mt-genome was transferred to the host nucleus. Modern
mitochondria have their own discrete, quasi-autonomous genome and their own protein
synthesizing machinery. The modern mt-genome carries a limited number of genes that always
includes two rRNA genes and, in most cases, 20 or more tRNAs (Scheffler, 1999). In addition to
these genes, mammalian mitochondrial DNA (mtDNA) contains 13 genes for proteins of the
oxidative phosphorylation complex, while yeast carries 9 such genes plus a single gene encoding
a mitochondrial protein (Scheffler, 1999). Given that the number of human mitochondrial
proteome is estimated in more than 1,000 proteins and that of yeast in about 500 (Andreoli, et al,
2004), these mitochondria are examples of envelopes almost completely devoid of their
genomes.

Reversing Endosymbiosis

Specifically, we propose to
use mitochondria as a platform to
construct a minimal, viable set of
genes that will eventually result in
an envelope-genome combination
that is no longer dependent on the
cell nucleus (Figure 2). This goal
will be achieved through a
stepwise transfer of the genes
needed to confer autonomy to the
new cell. The chosen set of genes
Eukaryotic cell will be modified to comply with

Figure 2 the mitochondrial genetic code

prior to transfer. Following
transfer, the nuclear copies of these genes will be deleted from the genome. At every step, nature
will dictate the viability of the new envelope-genome combination by the ability of the modified
organelle to survive within its host. The final goal of this endeavor is to build a cell whose
envelope is based on a mitochondrion and whose genome is synthetically designed, so that
the genome-envelope combination results in a minimal cell capable of surviving and
dividing outside of its original host.

Nucleus

@

TRANSCRIPTIONALLY INDEPENDENT MITOCHONDRIA

The initial goal of the project is to expand the mt-genome with the genes necessary
to construct a transcriptionally independent mitochondrion. Defining the transcriptional
machinery that will be responsible for the transcription of the new genome is a critical step.
Since transcription, replication, and maintenance of the mt-genome are closely linked processes
(Alam, et al, 2003; Kanki, et al, 2004; Lecrenier, and Foury, 2000; Xu, and Clayton, 1995), it



appears reasonable to use the existing mt-transcriptional machinery while constructing the new
cell. This approach will avoid the complete redesigning of the existing mt-genome.

The mt-genomes of yeast and mammalian cells are transcribed by nuclear-encoded RNA
polymerases (POLRMTs) resembling those of bacteriophages T7, T3, and SP6 (Tiranti, er al,
1997). In addition to the polymerase, transcription in yeast requires a single transcription factor
mtTFB (Tracy, and Stern, 1995), whereas this process in mammals requires two similar factors
TFBIM and TFB2M along with the structurally unrelated TFAM protein (Falkenberg, et al,
2002).

Initial Goal

Making a Transcriptionally Independent Mitchondria

Figure 3

Our strategy is schematically summarized in Figure 3. The vast majority of
mitochondrial proteins are encoded by genes contained in the nucleus (red half sphere). These
include the proteins composing the mt-transcriptional machinery, i.e. the POLRMT and the
mitochondrial translation factors. The gene encoding POLRMT is shown in yellow in Figure 3
(left panel). In a normal eukaryotic cell, the POLRMT mRNA (yellow, thick line) is translated
by cytoplasmic ribosomes (cyan double oval), resulting in the synthesis of POLRMT (L-shaped,
cyan object). POLRMT is then imported into mitochondria where it transcribes the mt-genome
(helical ring). In the right panel of Figure 3, a version of the POLRMT gene, recoded to comply
with the mt-genetic code, has been introduced into the mt-genome (yellow square). At the same
time, expression from the nuclear gene has been abolished (cross sign). In this modified cell, the
mt-encoded POLRMT drives the expression of the mt-genes.

PRELIMINARY WORK AND FUTURE DIRECTIONS




Any attempt to expand the coding capacity of the mt-genome requires the ability to
deliver exogenous genes to the mt-matrix and to stably place these genes in the mt-genome. For
this reason, we have spent most of the period of DARPA funding developing techniques to
achieve these goals. Two model organisms have been chosen based on the considerations shown
in the following table (listed in red are some obvious disadvantages of either model system):

Yeast Mouse

Model organism for the study of mammalian mitochondrial
physiology and mitochondrial diseases.

The model organism for mitochondrial research.

DNA can be delivered to yeast mitochondria by It is possible to clone the entire mouse mt-genome (17kb) in
biolistic transformation. E. coli.
Techniques for creating stable knockouts of the two nuclear
Homologous recombination in mitochondria. alleles of the mitochondrially-targeted gene exist (Chuang,
et al, 1999).
> ; No “reasonably” proven methods to deliver DNA to
Numerous mitochondrial mutants. imitochondra.

Large number of genetic and molecular tools. The existence of mt-hom:flzg%lﬁerecomblnatlon is a matter

Easy generation of nuclear knockouts.

Large mt-genome, 85Kb.

Based on our choice of model organisms, we have laid out the following two specific
aims. These are:

1) Creation of a transcriptionally independent mouse mitochondrion.
2) Creation of a transcriptionally independent yeast mitochondrion.

What follows is a description of the progress obtained by the lab on these two specific
aims during the period of DARPA funding.



Specific Aim 1: Creation of a transcriptionally independent mouse
mitochondria.

Two different lines of work are described in this section. The goal of the first one,
entitled “Testing the Plasticity of the Mammalian mt-genome”, is to redesign part of the mouse
mt-genome so that its coding capacity can be expanded. The second line of work, entitled
“Delivery of DNA to the Mouse Mitochondria”, is aimed at testing and developing methods for
the transformation of mitochondria in mammalian cells.

TESTING THE PLASTICITY OF THE MAMMALIAN MT-GENOME

Because the two strands
of the mt-genome differ in their
GT content and can be separated
by centrifugation in denaturing
i ; gradients, they have been named
165 (ANA heavy (outer circle in Figure 4)
& and light strands (inner circle in
Figure 4). Both strands serve as
templates for  polycystronic

" mouse transcripts almost as long as the
mitochondrial genome genome itself. In order to use this
~17 kb genome to build our synthetic cell,

ND2 ND4 one has to define where new
genes will be inserted. While the
insertion of a few genes within the
two polycistronic units could be
attempted, the wuse of this
approach for the construction of a
whole new genome with few
hundred genes does not seem a
Figure 4 viable solution. Moreover, we

foresee the wuse of promoter

strength as a means to regulate the relative expression of new genes. Therefore, the use of
additional promoter units for the expression of the new genes is probably the most rational
choice. However, finding a region where the insertion of these transcription units does not result
in the disruption of normal genomic function is a challenging task. This is due to the small size
of the mouse mt-genome (16.6 kb), which results in a highly compact arrangement of its 37
genes (for current reviews on the organization, replication and transcription of the mammalian
mt-genome see Bonawitz, et al, 2006; Fernandez-Silva, et al, 2003). Only two non-coding
regions exist in mammalian mtDNA (Figure 4). One such region is the so called “D-loop”
(vellow in Figure 4), located between the genes for tRNAP™ and tRNA™™. This region contains
the origin of replication for the heavy strand (Ori-H in Figure 4) and the two transcriptional
promoters HSP and LSP (for Heavy and Light Strand Promoter, respectively). The other region
is a ~30 nucleotide segment that contains the origin of replication for the light strand (Ori-L in

AlPaseb
" ATPase8

COX2



Figure 4). Because these two regions contain regulatory elements for both transcription and
replication, their disruption by the insertion of exogenous DNA could seriously compromise the
integrity of the genome.

In order to expand the coding
capability of the mammalian mt-genome
without interfering with the existing
transcriptional and replicational
arrangement, we decided to use the region
between HSP and LSP to insert exogenous
genes. The two promoter regions are
physically adjacent to each other (Figure
4) and their sequence requirements have
been thoroughly studied in vitro (Chang,
and Clayton, 1984; Chang, and Clayton,
1986a; Chang, and Clayton, 1986b;
Chang, and Clayton, 1986c¢; Fisher, et al,
1987; Gaspari, et al, 2004). Both
promoters consist of a consensus sequence
motif of 15 bp surrounding the initiation
points and an enhancer element located at
a precise distance upstream. The upstream
element contains the binding site for the
transcription factor TFAM. While HSP
and LSP are functionally independent in
vitro (reviewed in Fernandez-Silva, et al,
2003), it is possible that the spacing of the
two promoter units relative to one another
might have an unknown role in vivo. For
this reason, we have designed a series of
genomic constructs that include additional
LSP and HSP promoters where the
spacing and primary sequence between each LSP and its adjacent HSP is left intact. We have
taken advantage of the fact that the mouse mt-genome has been cloned as a plasmid in E. coli
(Yoon, and Koob, 2003). The modified genomic constructs are shown in Figure 5. Initially, the
region containing the D-loop was cloned into vector pET20b (LSP and LSP-like promoters in
green, HSP and HSP-like promoters in blue) (Figure SA). To this construct, we added one extra
copy of the HSP/LSP promoter unit (Figure 5B). Note that the spacing between HSP and LSP in
both promoter units is identical to that found in wild type mouse mt-genome. A restriction site at
the junction between the original and the new promoter units can be used to open this region for
the insertion of new DNA, e.g inverted mt-transcriptional termination units (red rectangles in
Figure 5C) (Asin-Cayuela, er al, 2005; Fernandez-Silva, et al, 1997; Martin, et al, 2005). The
promoter units firing inward will be used to direct the transcription of our genes of interest, while
those firing outward will control the normal transcription of the mouse mt-genome. The
“inward/outward” promoter nomenclature will be used hereon to distinguish the two sets of
promoters present in the modified mt-genome. In addition to the mt-sequences, an E. coli origin

Figure 5



of replication and a kanamycin resistance gene were inserted between the two inverted
terminators (yellow rectangle in Figure 5D) to allow propagation of the final constructs in E.
coli. At this point we considered that the construction of the “landing pad” for the insertion of
exogenous genes was finished. Additional cloning steps resulted in the addition of GFP reporter
genes that comply with the mouse mt-genetic code (light green rectangle in Figure SE). Once
these constructs are inserted into an otherwise intact mt-genome and introduced in the mt-matrix,
they will allow us to monitor the activity of the inward promoters in vivo. This will require the
use of one of the methods for mt-transformation described below.

Success at this stage will determine whether we will proceed to the next step, that is, the
addition of the genes that will endow mouse mitochondria with transcriptional independence.
Given that, to the extent possible, we will be using POLRMT for the expression and regulation
of the genes in the new mt-genome, we are planning on performing extensive functional and
structural characterization of this enzyme and its associated factors, both in vivo and in vitro, to
complement the knowledge available in the literature. One major goal is to understand how to
use promoter strength to regulate gene expression. We will test promoter strength in vivo by
mutagenizing the sequence of the inward HSP and LSP promoters of Figure 5E followed by
measurement of their activity as a function of reporter output. In addition, as part of a
collaboration with the laboratory of Lourdes Dominguez-Gerpe at the University of Santiago de
Compostela in Spain, we are attempting to isolate recombinant forms of the POLRMT and its
associated transcription factors, to pursue their biochemical and structural characterization (see
“Protofection” section below).

The initial goal of the project is to build a transcriptionally independent mitochondrion,
which will require the insertion of the genes for the transcriptional machinery in the “landing
pad” of our synthetic mt-genome. A scheme of the proposed constructs is shown in Figure 6. We
will take advantage of the strong similarity between the mouse and human mt-genomes (Chang,
and Clayton, 1986a; Tracy, and Stern, 1995) and the fact that the transcriptional machinery of

Figure 6

either species is unable to initiate transcription when confronted with promoters from the other
species (Chang, and Clayton, 1986a; Chang, and Clayton, 1986b; Gaspari, et al, 2004).
Interestingly, the determinant of species specificity appears to be the POLRMT itself, meaning
that a human POLRMT (h-POLRMT) should be able to work on human promoters in the
presence of mouse transcription factors (Gaspari, et al, 2004). Figure 6A, shows one of the mt-
genomic constructs we intend to build. In this construct a mitochondrially recoded h-POLRMT
gene (purple) is placed under an inward-firing mouse promoter and a reporter gene is placed



under a human promoter (yellow-framed, inward h-LSP in this example). Expression of the
reporter gene in such construct will be a measure of the activity of h-POLRMT. Once the
mitochondria are primed with h-POLRMT, all inward and outward mouse promoters will be
replaced with their human counterparts Figure 6B, thus resulting in a transcriptionally
independent mitochondrion. By proceeding this way, we would avoid the creation of the nuclear
gene knockouts during these initial steps.

DELIVERY OF DNA TO THE MOUSE MITOCHONDRIA

The success of this project is dependent on our ability to deliver DNA to the
mitochondrion and to integrate this DNA into the mt-genome. Inserting DNA into mitochondria
in-vivo requires transfer of DNA across three double membranes: the plasma membrane and the
outer and inner mt-membranes. At present, no reliable methods for the delivery of DNA to
mammalian mitochondria exist, despite the enormous interest in developing such methods for
their use in mt-gene therapy (Khan, et al, 2007). For this reason, we have focused most of our
efforts in developing the technology to achieve this goal. Isolated reports of successful mt-
transformation do exist but in no case have the reported results been reproduced. We have used
these reports as starting points in our search for a reliable method of mt-transformation. What
follows is a description of some of the strategies currently under exploration in the lab.

MT-REPORTERS: To unambiguously establish that a piece of exogenous DNA
localizes to the mt-matrix, it is crucial that its expression in this cellular compartment can be
monitored. To specifically test for mt-expression of foreign genes we engineered a series of mt-
reporters that carry mitochondrially recoded versions of GFP or red fluorescent protein (DsRed)
under the control of the mouse mt-promoters. The GFP or DsRed coding region (orange box) in
the reporter constructs is preceded by either the mouse HSP (Figure 7A) or LSP (Figure 7B)
plus varying lengths of the regions surrounding the promoters (black line) to ensure that we
include all the genomic sequences necessary for proper transcription, mRNA processing, and
translation. Also shown, are the primers used for PCR amplification of the different genomic
fragments preceding the reporter gene (black arrows in Figures 7A and 7B). The genomic part of
the constructs and the primers are aligned to an organizational scheme of the mouse genome for
clarity.

All mt-constructs contain a point mutation in the reporter gene that, because of codon
usage differences between mitochondrial and nuclear codes, will only give rise to full length
proteins when expressed in the mt-matrix. This was done by mutating a unique tryptophan codon
UGG to its mitochondrial equivalent UGA, which is a termination codon for cytoplasmic
ribosomes (Figure 7C). As a result, these constructs should produce non-fluorescent, truncated
forms of GFP and RFP when citoplasmically expressed (Figure 7C). An example of this is
shown in Figure 7D. Mouse EPH4 cells (Xu, et al, 2007) with DsRed-labeled mitochondria (red
in panels 2 and 4, see “Uptake of Isolated Mitochondria” section below for a cell line
description), were transiently transfected with GFPmito6NM, which carries a non-mutated
version of one of the mt-constructs of Figure 7B (lipofectamine 2000 from Invitrogen was used
as a transfection reagent). The cells show varying degrees GFP cytoplasmic fluorescence, panels
3 and 4. Also shown are Hoechst-labeled nuclei in panel 1 (blue), an overlay of all three colors in
panel 4, and a bright field image in panel § (Magnification 60X). The generalized pattern of
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fluorescence observed with GFPmito6NM has not been observed with its equivalent construct
GFPmito6, carrying the mitochondrially recoded version of GFP. This result indicates that the
mutation indeed results in a non-fluorescent version of the protein when expressed in the
cytoplasm. These constructs will be used to test all the methods of mt-transformation described
below.

PROTOFECTION: Khan & Bennett (Khan, and Bennett, 2004) have reported that
delivery of DNA to the mitochondria of mammalian cells can be achieved by a new method
dubbed protofection. The method relies on a previous observation that the Protein Transduction
Domain (PTD) of the TAT protein can direct the localization of GFP fusion proteins to the mt-
matrix, as long as they carry a mt-localization signal (MLS) in addition to TAT (their construct
will be hereon named TAT-MLS-GFP) (Del Gaizo, and Payne, 2003). PTDs are small peptides
that have the ability to cross lipid bilayers in a receptor-independent manner. When such
peptides are covalently attached to "cargo" proteins, they can deliver these proteins through lipid
membranes. The best characterized PTD is the TAT domain of the HIV-TAT protein (Dietz, and
Bahr, 2004). MLSs are N-terminal peptides that target proteins to mitochondria. These proteins
are delivered through the mt-import pathway consisting of two mt-translocases, the TOM
complex in the outer membrane and the TIM23 complex in the inner membrane (reviewed in
Neupert, and Herrmann, 2007). Once in the matrix, some MLSs are cleaved by endogenous
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proteases. According to Del Gaizo & Payne (Del Gaizo, and Payne, 2003), both TAT-GFP and
TAT-MLS-GFP are able to reach the mt-matrix but only the GFP domain of TAT-MLS-GFP
accumulates there after being cleaved downstream of the MLS sequence.

Given the enormous potential importance the protofection method for our project, we
have decided to thoroughly test the performance of TAT-MLS fusion constructs in our lab. For
this reason, we attempted to re-create the results of Del Gaizo & Payne (Del Gaizo, and Payne,
2003). Since their published TAT-MLS-GFP construct carrying the MLS of the mt-Malate
DeHydrogenase (mMDH) (Del Gaizo, and Payne, 2003) has been difficult to purify in our hands,
we have made a similar construct by fusing GFP to the MLS of the subunit VIII of the human
cytochrome C oxidase (cytox) and to TAT (Figure 8A). Similarly to mMDH, CytoxMLS is
known to efficiently direct GFP and DsRed to mitochondria in vivo (see “Uptake of Isolated
Mitochondria” section below) (Rizzuto, e al, 1995) and to be cleaved in the mt-matrix (black
arrow in Figure 8A) (Rizzuto, ef al, 1989). The construct, named 10His-TAT-cytoxMLS-GFP
also carries a run of 10 histidines (10His tag) to allow easy purification by affinity
chromatography. In addition to 10His-TAT-cytoxMLS-GFP, we have made all the other GFP
constructs shown in Figure 8A. Construct 10His-TAT-GFP is a control that lacks cytoxMLS and
should not accumulate in mitochondria (Del Gaizo, and Payne, 2003). In constructs 10His-
11ARG-cytoxMLS-GFP and 10His-11ARG-GFP, TAT is replaced by a run of 11 arginines, also
known to constitute an efficient PTD (Mitchell, et al, 2000). The purified proteins are shown in



Figure 8B, both on a Coomassie stained gel (left panel) and on a Western Blot performed with
an anti-His-tag antibody: lane 1, size marker; lane 2, 10XHis-11XArg-GFP; lane 3, 10XHis-
11XArg-cytoxXMLS-GFP; lane 4, 10XHis-TAT-GFP; lane 5, 10XHis-TAT-cytoxMLS-GFP. A
doublet is seen for both 10XHis-11XArg-cytoxMLS-GFP and 10XHis-TAT-cytoxMLS-GFP that
likely indicates C-terminal degradation of the protein. The cause of this degradation is unknown.

We have initiated confocal microscopy experiments aimed at following the cellular
localization of 10His-TAT-cytoxMLS-GFP in live cells. Y-1 mt-DsRed mouse cells (see
“Uptake of Isolated Mitochondria” section below for a cell line description) expressing
mitochodrially localized DsRed protein (red in Figure 8, C-E), were incubated with 10His-TAT-
cytoxMLS-GFP. Green fluorescence accumulates in the cells immediately after their incubation
with the protein (compare Figure 8 D, cells treated with 10His-TAT-cytoxMLS-GFP, to C,
untreated cell control. Note that not all the cells express mt-DsRed to the same extent.
Magnification 10X). However, inspection of the cells at higher magnification (60X) shows that
the two labels do not co-localize, indicating that the vast majority of the exogenous protein is
trapped in a non-mitochondrial cellular compartment after its uptake by the cell. We presently,
do not understand the reason for the discrepancy between our results and those of Del Gaizo &
Payne (Del Gaizo, and Payne, 2003). As part of our ongoing collaboration with the Payne lab,
we have sent them 10His-TAT-cytoxMLS-GFP so they can directly compare its activity to that
of the original TAT-MLS-GFP with the mMDH MLS(Del Gaizo, and Payne, 2003). It is
possible that 10His-TAT-cytoxMLS-GFP protein is trapped in endosomes after uptake and that it
never reaches the mt-surface, as reported for some TAT peptides (Chauhan, et al, 2007). To
avoid this possibility, we are starting a new series of experiments using the protein Lysteriolysin
O (LLO), which mediates endosome escape during the life cycle of the intracellular pathogen
Lysteria monocytogenes (Pizarro-Cerda, and Cossart, 2006), to release 10His-TAT-cytoxMLS-
GFP into the cell’s cytoplasm. In addition we are starting similar experiments with the constructs
carrying an 1 1ARG PTD (Figure 8A).

The modification introduced by Khan and Bennett (Khan, and Bennett, 2004) to the
method of Del Gaizo & Payne (Del Gaizo, and Payne, 2003) was to replace the GFP domain of
TAT-MLS-GFP with a DNA binding protein. This resulted in a fusion protein that reportedly
achieved efficient transformation of mammalian mitochondria. More specifically, they used the
Mt-Transcription Factor A (TFAM), which functions both as a transcription factor and a histone
in the matrix of mammalian mitochondria (Khan, and Bennett, 2004). A note of caution should
be introduced here. While the claims behind the protofection technique are far reaching, no
methods have been made available to the scientific community and, so far, the published results
remain non replicated (Khan, and Bennett, 2004). For this reason, we have decided that it is for
the best interest of the project, to spend time and effort testing the biochemical performance of
all the protofection constructs that we create. Following the little detail given in Khan & Bennett
(Khan, and Bennett, 2004), we have made the construct 10His-TAT-cytoxXMLS-TFAM which
fuses TFAM to TAT and cytoxMLS (see scheme in Figure 9A). Figure 9B shows a Coomassie
stain of the purified protein (top panel) and Western Blots performed with anti-His-tag (bottom,
left panel) and anti-TFAM antibodies (bottom, right panel). In addition, we have made other
fusion TFAM constructs lacking either TAT, or cytoxMLS, or both, to determine the influence
of these peptides on the activity of TFAM. All these constructs are shown in Figure 9A. We
have tested the ability of construct 10His-TAT-cytoxMLS-TFAM to bind DNA by means of
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Sybr assays, electrophoretic mobility shift assays (EMSA), and Atomic Force Microscopy
(AFM) assays. Sybr assays measure the amount of fluorescence appearing as a result of Sybr
Green’s binding to DNA. We reasoned that TFAM binding could restrict Sybr Green’s access to
DNA and thus its DNA-induced fluorescence (Weissig, et al, 1998). The results of these
experiments are shown in Figure 9C and clearly indicate that the addition of a 10His tag, TAT,
and cytoxMLS does not abolish the DNA binding activity of TFAM. The figure shows a
dramatic increase of fluorescence upon addition of a 4.8 kb plasmid (compare the Control lanes
to lane 4). The Sybr-Green fluorescence is decreased by pre-incubation of the DNA with
increasing concentrations of TFAM (compare set of columns 4 to set of columns 5) indicating
that TFAM binding to the DNA prevents Sybr Green’s access to it. Similarly, pre-incubation of
the DNA with increasing concentrations of Fugene 6® liposomes (Roche) restricts the access of
Sybr Green to DNA at all TFAM:DNA ratios (compare sets of columns 6-11 to sets of columns
4 and 5; ratios of lipid to DNA, v/w, are indicated).

The results of the Sybr assays were reconfirmed by EMSA analysis. A small DNA
duplex labeled with fluorescein was incubated with increasing concentrations of TFAM and the
formation of a complex was monitored by electrophoresis. In addition to showing that the
binding of TFAM alters the mobility of the DNA duplex (white arrows in Figure 9D), the
binding assays also show that at high protein/DNA ratios the DNA is shifted into high molecular
weight complexes that are trapped in the gel well (asterisk in Figure 9D). Since the formation of
such complexes could potentially affect the mt-transforming activity of 10His-TAT-cytoxMLS-
TFAM, we have further investigated the stoichiometry of its interaction with DNA by means of
AFM techniques. AFM analysis confirmed our suspicion about the formation of high molecular
weight complexes at higher 10His-TAT-cytoxXMLS-TFAM:DNA ratios (compare left, central,
and right panels in Figure 9E; TFAM:DNA ratios 0.1:1, 0.5:1, and 1:1 respectively). Also clear
from the images is that 10His-TAT-cytoxMLS-TFAM does not coat the DNA molecules (Figure
9E). Instead AFM analysis suggests that the initial binding of the protein to the DNA nucleates
the formation of a nucleoid-like structure, in agreement with the results of Kaufman er al.
(Kaufman, et al, 2007). These results will be important for the design of the protofection assays
to be performed in vivo. Presently, we are in the process of analyzing the DNA binding
activity of all the other TFAM constructs of Figure 9A to determine the influence of all the
different protein domains on the DNA binding activity of TFAM.

We have already tested the mt-transformation activity of 10His-TAT-cytoxMLS-TFAM
in preliminary protofection assays. The results are very promising. Figure 10A shows the results
of an experiment in which EPH4 cells labeled with CMX-Ros Mitotracker (Invitrogen) (red in
panels 1 and 3) were incubated with 10His-TAT-cytoxMLS-TFAM pre-complexed with an
Alexa-488-labeled, synthetic, double-stranded, DNA oligonucleotide (green in panels 2 and 3).
Co-localization of the 2 dyes (yellow in panel 3) suggests that the labeled DNA has entered the
mt-compartment. Bright field view is shown in panel 5.

DELIVERY OF DNA TO MITOCHODRIA BY TRANSFECTION REAGENTS
AND VESICLES: Attempts to use liposomes to deliver DNA to mitochondria have been
reported. In particular, DeQuAlinium based vesicles (DQAsomes) and liposomes with surface-
linked triphenylphosphonium cations have been named the first available mitochondria-targeted
nano drug and DNA delivery systems (Weissig, et al, 2006). These liposomes have been



reported to colocalize with mitochondria by confocal microscopy and to deliver DNA to the
organelle (D'Souza, et al, 2005).

We have used three types of vesicles to test their performance in delivering DNA to
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mitochondria, Lipofectamine 2000 (Invitrogen), Fugene 6® (Roche) and DQAsomes (generous
gift from G.G. D’Souza). We have obtained the best results with the DQAsomes. Figure 10B
shows that incubation of EPH4 cells with DQAsomes complexed with an Alexa-488-labeled,
synthetic, double-stranded, DNA oligonucleotide (green in panels 2 and 3), results in the
localization of some of these complexes to the mitochondria (red in panels 1 and 3). The amount
of co-localized complexes appears to be much higher than with the protofection method (Figure
10A).

In addition to these compounds, Polyethylenimine (PEI) conjugated to an MLS has also
been proposed as a vehicle to deliver DNA to the mitochondria (Lee, er al, 2007). We are
planning on testing this system to attempt the delivery of mitochondrial specific constructs to the
mt-matrix.

BIOLISTIC TRANSFORMATION: Delivery of mtDNA to the mitochondria by means
of a biological ballistic (biolistic) gun has been achieved in yeast but it has thus far not been
reported in mammalian cells (see the Yeast section below) (Khan, et al, 2007). There is no
reason, in principle, that would impede the biolistic transformation of mammalian mitochondria.
Indeed, the biolistic method has been employed for the nuclear transformation of tissue culture



cells (Heiser, 1994; Jiao, et al, 1993; Yang, et al, 1990). For all these reasons, we are currently
attempting the biolistic transformation of mouse mitochondria in vivo. Initial attempts with the
cytoplasmic reporter construct GFPmito6NM have confirmed the suitability of the method for
the introduction of DNA in our cell lines (not shown). In order to increase the chances of
reaching mitochondria with the biolistic projectiles, we have planned to increase mt-size by the
use of chemicals known to induce mitochondrial swelling. This swelling process is well
documented and results in the formation of megamitochondria (Karbowski, et al, 1997
Karbowski, er al, 1999; Matsuhashi, et al, 1996). Figure 10C shows a comparison of a normal
EPH4-DsRed cell (left panel) and a cell that has been treated with 50pg/ml of CAM for 4 days
(right panel). Note the swelling of the mitochondria (white arrows). Since this process is
reversible (data not shown), we are currently using cells transiently treated with CAM in biolistic
transformation assays.

ELECTROPORATION: Isolated mammalian mitochondria can be transformed by
electroporation (Yoon, and Koob, 2003). Electroporation assays with these constructs and
isolated mitochondria are currently being performed in the lab.

BACTERIAL CONJUGATION: A new method for delivery of DNA to mitochondria
has been recently described that takes advantage of the species promiscuity of bacterial
conjugation (Yoon, and Koob, 2005). A problem with this method is that it only transfers single
stranded DNA. Whether this DNA can be used by the mt-DNA repair machinery to synthesize a
double stranded DNA molecule is presently unknown. Nevertheless, we have decided to test this
approach by adding an origin of transfer, OriT, to some of the reporter constructs of Figure 8. As
mentioned above, we are testing first whether these constructs are capable of driving reporter
expression in the mt-matrix by means of biolistic transformation and electroporation. OriT has
also been already added to some of the genomic constructs shown in Figure 5D.

UPTAKE OF ISOLATED MITOCHONDRIA: The electroporation method of
transformation requires that the isolated mitochondria be placed back into the host cell. Several
techniques have been described to do this (Clark, and Shay, 1982; King, and Attardi, 1988; Nass,
1969), the most straight forward of which appears to simply require phagocytosis (Clark, and
Shay, 1982). We initially attempted to use confocal microscopy to follow phagocytosis of red
mitochondria tagged with CMX-Ros mitotracker by cultured mouse cells pre-labeled with FM-
Mitotracker (green). Unfortunately, acute photobleaching of the mitotracker labels complicated
the experiments. For this reason, we decided to create mouse cell lines that stably express
mitochondrially localized DsRed. These cell lines were created in the lab by lipofectamine
mediated stable transfection of the mammalian expression vectors pDsRed2-Mito (Clontech) and
peGFP-mito, made by replacing the DsRed gene in pDsRed2-Mito with the GFP gene from
pIRES2-eGFP (Clontech). PDsRed2-Mito and peGFP-mito encode fusions of either DsRed or
GFP with the MLS of subunit VIII of human cytochrome C oxidase (see protofection section
above) (Rizzuto, et al, 1989; Rizzuto, et al, 1995) and their transfection into EPH4 cells resulted
in either red (EPH4-mito-dsRed, Figure 11A, cell nucleus in blue due to Hoechst staining) or
green mt-networks (EPH4-mito-GFP, Figure 11B). Red mitochondria isolated from EPH4-
mito-dsRFP cells were incubated with attached EPH4-mito-GFP cells and the fate of the red
mitochondria was followed by confocal microscopy. The results show that EPH4 cells are
capable of internalizing isolated mitochondria, see white arrows in Figures 11C, 11D, 11E, and



11F. However, whether internalized
mitochondria fuse with the existing mt-
network is still unclear. In fact, we have seen
that, at least, part of the phagocytosed
mitochondria end up in lysosomes, an
indication that they are degraded by the cell.
This is shown in Figure 11F by the co-
localization of lysosomes labeled with
Lysotracker Blue (Invitrogen) with red
mitochondria (white arrow). We are
performing more experiments aimed at
elucidating the fate of internalized
mitochondria after phagocytosis.

A much more powerful tool to test
the ability of isolated mitochondria to fuse
with the internal cellular mt-network upon
phagocytosis is to use a genetic selection
approach. One genetic marker that has been
traditionally used in the study of mt-
physiology is resistance to chloramphenicol
(CAM). The scheme below (Figure 12A)
shows the experimental outline based on the
results of Clark & Shay (Clark, and Shay,
1982). These authors reported that CAM-
sensitive (CAM®) mouse culture cells (with
mitochondria shown as green ovals) became
resistant to the antibiotic after incubation with mitochondria isolated from CAM resistant
(CAM) cells (with mitochondria shown as red ovals), followed by selection in the presence of
CAM. We have obtained from the laboratory of Dr. D. Wallace a cell line (501-1) that is CAM'
due to a homoplasmic T-C transition at position 2433 of the mt-16S rRNA gene (Blanc, et al,
1981; Bunn, et al, 1974). We also have the CAM® cell line Y-1 (ATCC # CCL-79) reported by
Clark et al. (Clark, and Shay, 1982) to become CAM' upon internalization of CAM', purified
mitochondria via phagocytosis. To increase the selective pressure in favor of the exogenous
CAM' mitochondria (King, and Attardi, 1988), the recipient, CAM® cells were devoid of their
mt-DNA, i.e. they were made rho’ (po) as follows.

Figure 11

Creation of p° Mitochondria: Various techniques for the creation of p® cells have been described, including
treatment with ethidium bromide (EtBr) (King, and Attardi, 1989) and silencing of the mt-DNA polymerase by RNAI
(Khan, and Bennett, 2004). Figure 12B shows the results of treatment of EPH4 cells with varying concentrations of
EtBr (horizontal axis. Time of incubation with EtBr is also indicated). The percentage of remaining mtDNA, relative to
an untreated control, was determined by Real-Time PCR with a Bio-Rad Q5 apparatus (vertical axis). In our hands,
treatment of these cells with 2ug/ml EtBr for at least 2 days reduces the amount of mtDNA to less than 10% of its
original amount Figure 12B.

Preliminary experiments aimed to reproduce the results of Clark & Shay (Clark, and
Shay, 1982) showed that CAM® cells incubated with CAM" mitochondria become more resistant
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to the antibiotic than control cells (Figure 12C, compare panel 1 to panel 3). Cells that received
CAM' mitochondria could be detached from the plate by trypsin treatment and replated, giving
rise to small colonies (Figure 12C, panel 4). However, we also observed that the viability of
these colonies ceased after two weeks following selection. On the contrary, Clark & Shay (Clark,
and Shay, 1982) have reported that CAM" clones arising from their selection screens were
phenotipically stable for at least 12 weeks. While we currently cannot explain the discrepancies
between our results and those of Clark & Shay (Clark, and Shay, 1982), there exist several
reasons known to complicate the outcome of these experiments. For example, it has been known
for long that the expression of certain mitochondrial deficient phenotypes, such as rho’ and
CAM' requires the absence of pyruvate and uridine from the medium (King, 1996 and references
therein). This is exemplified by the results of Figure 13, showing a CAM titration experiment
performed in the presence of two different media formulations: A) DMEM High Glucose, 50%
F-12, 50% Mix. (UCSF Cell Culture Facility cat. # UCSFCCFAAO010), supplemented by
manufacturer with 3.15 g/L Glucose, 0.055 g/L. Na-Pyruvate, 0,37 g/l L-Glutamine, 2.44 g/L
NaHCOs, and by us with 2.5% Fetal Bovine Serum (FBS) and 15% Horse Serum (HR) and B)
DMEM from JR Scientific Inc. lacking pyruvate (cat. # 30039), supplemented with 2.5% FBS
and 15% HR. We failed to detect any CAM® of EPH4 and Y-1 cells with the former formulation
even at CAM concentrations of 200 pug/ml (Figure 13A, cell type and CAM concentration is
shown on the left, time points are shown above panels), much higher than the 50 pg/ml, normally
used in similar experiments (Clark, and Shay, 1982). In contrast, when we switched to the
formulation lacking pyruvate we were able to detect CAM® even at CAM concentrations of 50



pg/ml (Figure 13B). Y-1 cells are clearly more sensitive to CAM than EPH4 cells, as they die
faster and at lower concentrations than the latter (compare in top right panel to middle right panel
in Figure 13B). We initially attributed the appearance of CAM® solely to the absence of pyruvate
in the formulation from from JR Scientific Inc. The reasons behind the appearance/absence of
this phenotype have to be more complicated however, as both Clark & Shay (Clark, and Shay,
1982) and us have been able to see CAM® in the presence of pyruvate; i.e. the medium used in
the experiments of Figure 12C was DMEM Low Glucose from UCSF Cell Culture Facility (cat.
#UCSFCCFAAO001), supplemented by manufacturer with 1.0 g/LL Glucose, 0.11 g/LNa-Pyruvate,
0,584 g/LL L-Glutamine, 3.7 g/LL NaHCOs, and by us with 10% Fetal Bovine Serum (FBS),
whereas Clark & Shay (Clark, and Shay, 1982) describe their medium as Dulbecco’s modified
medium with 1 g/L glucose, pyruvate (actual concentration not reported) and 10% FBS.
Therefore, other components in the formulation must also affect the appearance of a CAM®
phenotype. The experiments of Figure 13 are important, however, because they establish
appropriate selective conditions that can be used for the repopulation of CAM® cells with CAM’
mitochondria. We are currently in the process of repeating the experiments of Figure 12C in
medium with higher selective power, i.e. the medium used in Figure 13B with higher
concentrations of CAM. We are also in the process of analyzing what components of the medium
are critical for the expression of the CAM® phenotype.

MICROINJECTION: This technique has been succesfully used to transfer CAM-
resistant mitochondria to p0 cells (King, and Attardi, 1988). While we would prefer to use one of
the above techniques to transform mitochondria, we are not ruling out the use of microinjection.
To facilitate the microinjection procedure and to follow the fate of exogenous mitochondria by
microscopy, we have constructed 501-1 cell lines with fluorescently tagged mitochondria by the
expression of mitochondrially targeted GFP and DsRed proteins as described in the section
entitled “Uptake of Isolated Mitochondria” above).



